Phosphorus and nitrogen uptake capacities were assessed during 36-58 d drying cycles to determine whether the ability of sagebrush {Artemisia tridentata Nutt.) to absorb these nutrients changed as the roots were subjected to increasing levels of water stress. Water was withheld from mature plants in large (6 I) containers and the uptake capacity of excised roots in solution was determined as soil water potentials decreased from -0.03 MPa to -5.0 MPa.
Introduction
Soil water availability affects plant nutrient uptake by influencing the supply of nutrients to roots through changes in diffusion and mass flow, through reduced root growth, and by modifying root uptake capacity (Dunham and Nye, 1976; Mackay and Barber, 1985a, b; Kuchenbuch et al,, 1986a, b) . While the effects of reduced water availability on diffusion, mass flow and root growth have been evaluated in these studies, much less is known about the effect of soil water stress on the nutrient uptake capacity of roots. The goal of this study was to determine the extent to which water stress affects nitrogen and phosphorus uptake capacity (where capacity refers to physiological uptake without nutrient supply limitations).
Measuring the effect of reduced soil water availability on nutrient uptake is somewhat analogous to measuring the effects of water stress on photosynthesis. Changes in measured photoassimilation rates may reflect carbon dioxide supply constraints (stomatal conductance) or changes in capacity (ribulose bisphosphate carboxylaseoxygenase activity and electron transport regeneration of ribulose bisphosphate) (von Caemmerer and Farquhar, 1981; Farquhar and Sharkey, 1982; Sharkey et al., 1990) . To determine photosynthetic capacity independent of supply constraints due to reduced stomatal conductance, it is necessary to measure assimilation under saturating CO 2 and light levels (Tenhunen et al., 1984; Kaiser, 1987) .
Just as photosynthetic capacity is measured under carbon dioxide saturating conditions independent of supply, uptake capacity must be measured in the absence of nutrient supply limitations. Measuring nutrient uptake under 'saturating' conditions is more difficult than measuring photosynthesis under saturating conditions, due to multiple uptake systems for nutrients. The 'saturating' concentrations used in this study were based upon preliminary experiments. The measurements were made at vary-ing concentrations (including 'saturated' with respect to the substrate), allowing determination of V^^ and, for phosphorus, K m . Uptake by excised roots was measured in stirred nutrient solutions which eliminated supply constraints so uptake capacity could be determined.
The method used in this study differs from most other attempts to measure the effects of water stress on uptake capacity, which typically have been made by one of two methods. One method is by growing plants in solutions of an osmoticum such as polyethylene glycol (PEG), in order to control water potential. Another method is by measuring the change in uptake of plants exposed to a drying cycle and then rewetted. PEG experiments, while effectively separating supply from capacity, may not provide a realistic measure of uptake capacity since changes in root hair development and specific root length (SRL) may occur in plants grown in solution culture (Mackay and Barber, 1984) . Another problem with PEG experiments is that a normal drying cycle imposes a slowly changing stress, whereas most PEG experiments rapidly impose a constant stress, which further increases the artificial nature of these experiments. The primary problem with rewetting experiments is that they may not provide a true measure of uptake capacity since uptake is not usually measured under conditions where the substrate is saturating.
Decreased, unchanged or even increased nutrient uptake has been found in PEG experiments depending on the plant and ion involved (Izzo et al., 1989) . Rewetting experiments have generally indicated that uptake decreases with increasing water stress and may remain depressed after watering for several days or weeks (Shone and Flood, 1983; Jupp and Newman, 1987; BassiriRad and Caldwell, 1992) . These results, while suggesting that uptake generally decreases as a result of water stress, do not clearly answer the question of the effect of water availability on uptake capacity, since neither method yields a true measure of uptake capacity. Studies by Nambiar (1976 Nambiar ( , 1977 suggest that reduced water availability may not necessarily mean that uptake capacity is lost. Plants of several species (oats, lucerne, clover, and wheat) have been shown to be capable of extracting micronutrients (zinc, copper and manganese) from dry soil layers as long as their root systems have access to a wet soil layer. These experiments imply that both roots and uptake capacity can be maintained in dry soil layers. Since water is typically depleted first from shallow soil layers where the majority of nutrients are found, this ability may be very important in the maintenance of plant growth and completion of reproduction late in the season as water availability declines (see also Richards and Caldwell, 1987) .
Water-stress-tolerant plants growing in climates with seasonal water stress also appear to be able to maintain nutrient uptake during times of low water availability. A good example is Artemisia tridentata Nutt. (big sagebrush), an aridland shrub covering vast areas of western North America from Canada to Mexico and from California to the Great Plains. Vegetative growth of A. tridentata continues into summer, inflorescence growth is mainly during summer and autumn, and completion of reproduction occurs in the autumn when soil moisture is most limiting (Evans et al., 1991) . The above-ground mass of phosphorus and nitrogen (standing crop, gm"
2 ) of A. tridentata, continues to increase late in the season, when nutrients should be most unavailable, apparently indicating continued uptake (Baker, 1988) .
Hydraulic lift coupled with the maintenance of uptake capacity may be a mechanism enabling A. tridentata, to continue nutrient uptake under low soil water potentials. The movement of water through a root system from a region of high soil water potential, usually deeper layers, to a region of lower soil water potential, usually shallow layers, is known as hydraulic lift (van Bavel and Baker, 1985; Richards et al., 1987; Richards and Caldwell, 1987) . This movement of water generally occurs at night when transpiration is minimal and is a function of the hydraulic gradients and conductances between the root xylem and the soil and the gradient between the wet and dry soil layers. Among other effects, water lost from roots into shallow dry soil layers may increase mobility of nutrients, making them more available for absorption. In addition, hydraulic lift may contribute to greater longevity of roots in drying soil (Richards and Caldwell, 1987) .
The objectives of this study were to determine the effect of decreasing soil water availability on phosphorus and nitrogen uptake capacity of roots from two subspecies of Artemisia tridentata. The two subspecies used inhabit areas differing in moisture availability, and may respond differently to water stress (Winward, 1980 (Winward, , 1983 . Artemisia tridentata ssp. tridentata (basin big sagebrush) is generally exposed to higher soil temperatures and lower soil moisture availability during its growing season than is Artemisia tridentata ssp. vaseyana (Rydb.) Beetle (mountain big sagebrush). Maintenance of nutrient uptake capacity by roots in drying soil is necessary if plants are to benefit from the increased mobilization of nutrients that would occur within the rhizosphere due to water leakage from hydraulic lift. The ability to maintain nutrient uptake capacity during extended seasonal periods of water stress may be an important mechanism enabling A. tridentata to increase nitrogen and phosphorus standing crop, continue growth, complete reproduction, and compete with other species for nutrients.
Materials and methods

Plant materials and general procedures
Seedlings of both A. tridentata ssp. tridentata (Dog Valley, Juab County, Utah) and A. tridentata ssp. vaseyana (Hobble Creek, Utah County, Utah) were grown from bulk seed collected from the same populations described by Welch and McArthur (1986) . Seventy-five one-year-old seedlings, less than 15 cm in height, were transplanted in May 1991 into tall PVC pots (80 cm high, 15 cm in diameter) filled with a 4:1 (v/v) fritted clay (van Bavel et ai, 1978) and sand mixture. Every 3-4 weeks the pots were alternately saturated with water or 1/10 concentration nutrient solution (Epstein, 1972) while the plants grew in an unheated, but cooled, greenhouse at the University of California, Davis, for a second year to ensure uniform root distribution within the large pots. There was little net vegetative growth during the course of the experiments, conducted during the plants' third growing season, since the plants were constrained by pot size. Average plant height increased during the experiments (initial: 37 cm, range 23-50 cm; final: 41 cm, range 23-60 cm); most of the increase was due to inflorescence growth. All plants were reproductively mature and most were flowering during the experiments. For at least two weeks prior to the beginning of each experiment (phosphorus uptake/nitrogen uptake), the soil in the pots was kept at field capacity with 1/10 concentration nutrient solution to ensure uniform nutrient availability and to eliminate water stress.
Fine, young, lateral roots from 20, 40 and 60 cm depths were excised from the plant for phosphorus and nitrogen uptake measurements. The roots from each of the three depths were divided into five subsamples and enclosed in pre-boiled 20 cm 2 sections of 1-2 mm cheesecloth (Epstein et al., 1963) . Subsamples from all depths were bathed for 2-3 h for the phosphorus experiment and 30 min for the nitrogen experiment at 20 °C in aerated solutions of 0.5 mM CaCl 2 before being transferred to 32 P-or 15 N-labelled test solutions. Uptake rates were averaged for roots taken from each of the three depths per pot (see below for procedures) since statistical analyses revealed no differences in uptake between depths. Root length measurements were made using a Comair root length scanner (Hawker De Havilland Victoria Limited, Melbourne, Australia).
Mid-day (ifi^) and pre-dawn (</ip re ) xylem water potentials were measured with a pressure chamber during experimental periods on the day before and the morning of harvests. Soil water potential (</i,) was determined on samples from 20, 40 and 60 cm depths using Peltier thermocouple psychrometers (JRD Merrill Specialty Equipment, Logan, Utah) controlled by a CR7 data logger (Campbell Scientific Inc., Logan, Utah). Individually calibrated psychrometers and soil samples were sealed in stainless steel chambers and allowed to reach vapour equilibrium in an isothermal water bath at 25 °C before readings were taken.
Phosphorus uptake
On 29 June 1992, the pots were flushed with deionized water and water was withheld for the next 36 d. Forty-four plants were harvested sequentially between 30 June and 8 August 1992 as the pots dried. The last four plants harvested were watered with deionized water 36 h before they were harvested. Temperatures in the greenhouse during the experiment averaged 20.5 °C during the day and 17.3°C at night. Photosynthetically active radiation (PAR) averaged 422 /xmol m~2 s" 1 with maximum daily values ranging between 650 to 1050 2 '
Nutrient uptake under drought 1047 diminish uptake and remove any label from the free space. Samples were blotted and placed in tared glass scintillation vials, weighed (fresh wt), ashed (500 °C), suspended in counting fluid (ICN Biomedicals Inc., Irvine, CA), and counted using a liquid scintillation system (Packard Inst. Co., Downers Grove, IL). Root samples were assayed for vesicular arbuscular mycorrhizal (VAM) infection using the gridline intercept method (Giovannetti and Mosse, 1980; Kormanik and McGraw, 1982) . Roots were cleared in 10% KOH, acidified with 1% HC1 and stained with 0.05% trypan blue in glycerol, lactic acid and water (1:1:1, by vol.) (Phillips and Hayman, 1970; Koske and Gemma, 1989) .
Nitrogen uptake
On 5 October 1992, the remaining pots were flushed with deionized water and water was withheld for the next 58 d. Thirty-one plants were sequentially harvested between 6 October and 2 December 1992 as the pots dried. Temperatures in the greenhouse during the experiment averaged 18.4°C during the day and 17.6°C at night. Supplemental lighting was supplied with the use of 1000 W metal-halide lamps. Photosynthetically active radiation (PAR) averaged 451 ftmol m~2 s" 1 with maximum daily values ranging between 400 to 1170 /xmol 2 '
Root samples were exposed at 20 °C to aerated solutions of 1, 3, 5, 10, and 20 ^M NaH 2 32 PO 4 (in initial experiments) or 2, 5, 10, 20, and 40 M M NaH 2 32 PO 4 with at least 5.55 x 10 s Bq per 750 ml and a pH range between 5.5 and 6.5. After 10 min of exposure to the labelled solutions the samples were rinsed three times in cold (<5°C) unlabelled 200 ^M NaH 2 PO 4 to Net uptake rates (influx-efflux) of 15 N were determined for root samples exposed for 1 h at 20 °C to an aerated solution of 0.025, 0.1, 0.5, 1.0, and 2.0 mM 15 NH 4 15 NO 3 (99.4 atom%, Isotec Inc., Miamisburg, OH). Solutions were buffered with 1 mM MES to a pH of 5.95 (60% free acid, 40% sodium salt (0.4 mM Na)), and contained 0.5 mM CaCl 2 . After exposure to the labelled solutions, the samples were rinsed three times in cold (<5°C) unlabelled 20 mM NH 4 NO 3 to diminish uptake and remove any label from the free space. Samples were blotted, weighed (fresh wt.), dried, ground and analysed for total nitrogen and total T! N using a Europa Scientific Inc. (Cincinnati, Ohio) automated 1! N analysis continuous-flow isotopic-ratio mass spectrometer system (Harris and Paul, 1989 ; ESPM Dept., UC Berkeley).
Analysis
Estimates of Michaelis-Menten kinetic parameters were calculated for phosphorus uptake using several linearizations including Lineweaver-Burke, Hanes, Eadie-Hofstee (Dowd and Riggs, 1965) and Hyper, a non-linear regression program (JS Easterby, Liverpool, UK). All except the Eadie-Hofstee method were used to estimate sum ^ for net uptake of both ammonium and nitrate. The non-linear regression program uses estimates from the Hanes plots as the starting values to find the best fit to a hyperbola. The method is similar to that described by Wilkinson (1961) . The data were analysed using SAS GLM for multiple regression, Proc Corr and Proc T-test (SAS Inst. Inc., Cary, NC). Table- wide significance levels for correlation analysis were calculated using the sequential Bonferroni technique (Rice, 1989) .
Results
Phosphorus uptake
Plant and soil water status (</i prc , lAmd an d </••) declined slowly during the first stages of the 36 d drying cycle until ip, in the pots averaged -1.6MPa for the three depths measured (Fig. 1) . ij>, decreased more rapidly thereafter due to the desorption characteristics of the fritted clay/sand medium and to the extensive rooting of A. tridentata throughout the pots. Values for ifi pte . initially averaged -0.5 MPa while if> mii averaged -1.2 MPa. As the drying cycle continued \fi pn and fi^ converged, indicating that plants had little day-time water loss due to nearly complete stomatal closure and that there was insufficient water within the pots for any recovery of water status during the night. Although subjected to severe water stress, these water-stress-tolerant plants retained green leaves and showed no signs of wilting until </i* y i cm reached -5 to -6 MPa. Four plants were rewatered as i/r^d values declined to -5.8 MPa. Measurements of two of these plants indicated considerable recovery in water status after only 18 h (</<"",, averaged -2.41 MPa) and almost complete recovery after 36 h (</< pre averaged -0.97 MPa) (Fig. 1) . The concentration of phosphorus (as % dry wt. tissue) in the leaves and roots did not change significantly during the drying cycle ( Fig. 1) .
Multiple regression analysis of the phosphorus uptake data showed differences in uptake as a function of concentration, as expected (F= 60.67, Pr>F= 0.0001) and </., (F=25.70, Pr>F=0.000l), but no difference in phosphorus uptake was found between the two subspecies. To facilitate visualization of the effect of drying on phosphorus uptake, rates were averaged for roots taken from between 0.0 to -1.6 MPa (high water level) and between -3.4 to -5.0 MPa (low water level). Although there was considerable variation, uptake rates of roots from the low water level were higher than uptake rates of roots from the high water level (Fig. 2) . Increases in uptake for 2, 5, 10, 20, and 40 ^M NaH 2 PO 4 were 21, 91, 92, 137, and 105%, respectively. Mycorrhizal infection rates were determined and specific root length (SRL) was measured as either of these factors might have contributed to the increased rates of uptake. Although sagebrush can have substantial VA mycorrhizal infection (Allen et al., 1989) , mycorrhizal infection rates were found to be less then 1%, probably because of sufficient phosphorus supply by the nutrient solution. SRL ranged between 50.2 and 146.4 m g" 1 DW. Correlation coefficients were calculated for phosphorus uptake at five different concentrations, tp, total aboveground biomass, SRL, and root phosphorus concentration to determine relationships between uptake and factors that might affect uptake (Table 1) . A significant negative correlation was found between </i, and uptake rate at 5, 10 and 20 /xM concentrations, illustrating the increase in uptake with declining </«, . Correlations between uptake rate (at any concentration), SRL, root phosphorus concentration, or biomass were not significant.
Although the values of K max and X: m calculated from the uptake data differed, depending on the approach used to fit the data, similar patterns in response to drying were found in all cases (Fig. 3) . As </ >, decreased, multiple regression analysis indicated increases in both V mMX and 
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K m (e.g. Fig. 3 (Fig. 3, Hyper) , the average increase in V mmx and K m from plants harvested at the high water level (-0.0 to -1.6 MPa) to the low water level (-3.4 to -5.0 MPa) was 150% and 64%, respectively. V mMX and K m values for plants which were watered after reaching 0,^ values of -5.8 MPa were also calculated. There was a significant difference between the KMX °f plants from the high water level and the plants which were rewatered, but no difference in Kn^, was found between plants from the low water level and the plants which were rewatered. K m values from either the high or low water level were not significantly different from values of plants which were rewatered.
A positive, hnear relationship was found to exist between V mAX and K m (;> = 24.56*+ 6.554, r^0.448; data not shown). If the change in V mMX was due to an increase in the number of carriers, then A^ would remain constant as Fn^j changed. Instead, there was a linear increase in Km as V,^ increased and the values of V mili and A^ for plants which were rewatered fell along the same line.
Nitrogen uptake
The relationship between plant water status (<p pn and "Amid) an( l «A« over the 58 d drying cycle for the nitrogen uptake experiment was similar to that found for the phosphorus uptake experiment. There was a nearly linear decline in both 0 pre and ip^ as tf>, decreased (Fig. 4) . Initially, </i pre averaged -0.75 MPa while tp md averaged -1.5 MPa. As the drying cycle progressed, i/i pre and ipĉ onverged, indicating stomatal closure due to a limitation in available water. Despite low water potentials, the plants remained green and showed few signs of water stress until I/I, values reached -5 to -6 MPa. As tp, declined, the nitrogen status of the roots declined slightly, although the decline was not rapid and the minimum values were not low enough (for roots) to indicate that the plants were severely nitrogen stressed (Fig. 4) .
Nitrogen uptake capacity declined significantly (F= 51.40; Pr>F= 0.0001) with a relatively small decline in </ r B as determined by multiple regression analysis (Fig. 5b-f) Uptake rates for (a) were determined from roots extracted from five different ranges of 1^,; 0.0 to -0.1, -0.21 to -1.1, -1.8 to -2.8, -3.1 to -3.8, and -4.4 to -5.4 MPa. Each point represents the average of at least three plants. Uptake rates for (b-f) were determined from roots exposed to 0.025 mM (b), 0.1 mM (c), 0.5 mM (d), 1.0 mM (e) or 2.0 mM (f) solutions of 15 NH 4 15 NO 3 . Each point represents the average of three measurements (roots from three depths) from one plant and pot harvested sequentially during the drying cycle. tration (F=87.42; Pr>F=0.0001), and uptake was significantly affected by the water x concentration interaction (F=7.40; Pr>F= 0.0077). This indicates that the response of uptake to <p, varied at different concentrations. At 0.025, 0.1 and 0.5 mM NH 4 NO 3 , uptake declined by a factor of 5 to 6 with declining </),. Uptake rates at 1 mM NH4NO3 decreased 2-3-fold, while uptake rates at 2 mM showed little change in response to 0, values less than -0.1 MPa (Fig. 5b-f) .
Plotting the rate of uptake at various </ >, ranges against the concentration of the external solution illustrates the changes in kinetics associated with decreasing </ >, (Fig. 5a) . The very wet <js, range (0.0 to -0.1 MPa) had much higher uptake rates at all concentrations with a curvilinear response at low substrate concentrations. At 0.025, 0.1, 0.5, and 1.0 mM, uptake rates decreased with decreasing values of </(" and the ranking remained constant. Uptake response to increased substrate concentration became more linear as </ «, declined. Very little change in uptake occurred at the 2 mM concentration as </ «, declined, except at the wettest level. At least part of the decrease in uptake with decreasing ifi t may be attributed to decreasing root nitrogen concentration. Average root nitrogen concentrations (as % dry wt. tissue) were 1.23, 0.99, 1.07, 0.90, and 0.68% for the five decreasing </r, ranges given in Fig. 5a , respectively (see Fig. 4 ).
In addition to root nitrogen concentration, SRL was determined to assess whether these factors might have contributed to the decreased rates of uptake. Values of SRL ranged between 47.5 and 124.6 m g" 1 dry wt. Correlation coefficients among uptake rate for five different concentrations, </i,, total above-ground biomass, SRL and %N in the roots were calculated ( Table 2 ). The significant positive correlations between </i t and uptake rate, illustrate the decline in uptake with declining i/i,. Two significant correlations and two nearly significant ones between uptake rate and %N in the roots indicate a decrease in uptake with decreasing %N in the roots. Correlations between uptake rate (at any concentration) and SRL or biomass were not significant, indicating that neither of these factors affected uptake rate.
Values of V^^ were calculated using three methods: Lineweaver-Burke, Hanes, and Hyper (see Materials and methods, Analysis). Multiple regression analysis revealed statistically similar results for all cases and only the results from Hyper are shown. There was no change in the sum (NH 4 + +NO 3 ") as 4> t declined (Fig. 6) . At lower values of </ <" some points had to be deleted since they gave either negative values or values which were greater than two standard deviations from the mean (Fig. 6) . These difficulties in fitting standard kinetics regression models to the data are indicative of the changes in kinetics exhibited by the roots harvested from the driest soils (Fig. 5a) .
Although a significant effect of i/« s on V mui was not found, there was a significant decrease in V mMX (F= 16.52 ; Pr>F= 0.0028) as the concentration of nitrogen in the roots (% dry wt. tissue) declined (j> = 0.01 Lv + 0.004, r 1 = 0.397; data not shown).
Discussion
Phosphorus uptake
In this experiment an increase in uptake was observed in A. tridentata roots subjected to an increasing water stress Nutrient uptake under drought 1051 (Figs 2, 3) . Previous studies have examined the effects of soil water potential on phosphorus uptake rates and have generally found a decrease in uptake as a result of water stress (Shone and Flood, 1983; Jupp and Newman, 1987; Izzo et al., 1989) . In most cases, the plants used were agricultural species, and in many cases a constant stress was applied, producing artificial water stress conditions. This experiment differs in that A. tridentata is adapted to water stress and measurements of uptake were made as the plants experienced slowly increasing water stress.
From studies showing the positive relationship between relative growth rate and uptake rate (Mattsson et al., 1991 (Mattsson et al., , 1992 , it might be expected that decreased growth due to water stress conditions would decrease nutrient demand and, therefore, uptake capacity. Although relative growth rate was not measured in this experiment, observations and measurements of plant height before and after the experiment indicated that inflorescence growth occurred throughout the drying cycle. In A. tridentata vegetative and reproductive growth is temporally separated. Vegetative growth occurs in spring and summer, while reproductive growth continues in summer and fall, during the driest time of the year. Reproductive modules of A. tridentata are capable of net carbon assimilation at i/r pre values below -5.0 MPa (Evans et al., 1991) . In addition, A. tridentata is a slow-growing perennial capable of luxury consumption of nutrients. Nitrogen uptake in perennial aridland grasses occurs in spring prior to substantial biomass accumulation (Caldwell et al., 1981) and pistachio nitrogen uptake is commonly decoupled from canopy growth (Rosecrance, 1996) . Field measurements of A. tridentata have indicated that lateseason above-ground mass of nitrogen and phosphorus continue to increase, despite low soil moisture and reduced growth, presumably due to continued uptake (Baker, 1988) .
Several possible causes were considered for the increase in uptake. Increased uptake has been shown to occur in phosphorus-stressed plants (Clarkson et al., 1978; Lee, 1982) . In this experiment, nutrient deficiencies were minimized by irrigating once a week with at least 4 1 of 1/10 concentration nutrient solution (</>, was kept above -0.1 MPa) for several weeks prior to the initiation of the experiment. Analysis of the root and leaf tissue did not reveal a change in phosphorus concentrations during the drying cycle, suggesting that the increases in phosphorus uptake were not the result of a developing phosphorus deficiency.
An increase in SRL, root hair development, or mycorrhizal infection could also lead to higher rates of uptake through increased surface area per root dry weight Barber, 1985a, b, 1987; Jungk and Claassen, 1986) . In this experiment, Artemisia roots had high SRL and showed extensive development of root hairs at all levels of </(,. The correlation between SRL and uptake rate was not significant ( Table 1 ), indicating that an increase in SRL was not responsible for the increases in uptake. Under field conditions, A. tridentata is usually infected by arbuscular mycorrhizae of the genus Glomus (Allen et al., 1989) . Infection rates in this experiment were less than 1%, however, indicating little possible enhancement of phosphorus absorption by mycorrhizae. Finally, large plants might have higher uptake rates in response to higher phosphorus requirements. Analysis of above-ground biomass and uptake rate, however, indicated that they were not significantly correlated.
Phosphorus uptake rates reported in this paper are similar to values reported previously for A. tridentata, as well as for tundra graminoids, populations of Carex, and taiga trees (Chapin and Bloom, 1976; Jackson et al., 1990) . Values of ^ and AL. reported here are within the same range as values reported by Chapin for populations of Carex and several other species from different temperature regimes (Chapin, 1974 . Although there was considerable variation among plants, there was an increase in V miLX as </ «, declined (Fig. 3) . There was also an increase in K m , or a decrease in the apparent affinity of the carrier for phosphate as </r, declined. This indicates that a higher concentration of phosphorus was required to obtain the higher rates of uptake. The increase in V miX was surprising, but may only reflect the ability of A. tridentata to maintain nutrient uptake capacity as <p, declined. Values of K max from plants which were watered after i/r pre values declined to -5.8 MPa remained high, while K m values from these same plants were intermediate between values from the high and low levels, perhaps indicating a small increase in affinity as a result of rewatering (Fig. 3) .
The increase in V mMX was not correlated with an increase in SRL but was correlated with an increase in K m , suggesting that a physiological rather than a morphological change was responsible for the increase. A change in root morphology, e.g. finer roots, that increased the number of carriers per gram of tissue could cause an increase in V mKX , but would not change K m . The increase in K m implies that a change in the carrier occurred that decreased the affinity of the carrier for the substrate due to some factor associated with a decrease in </ >, or <p xylcm .
One possible explanation could be an increase in the activity per root weight of the low affinity carrier. Measurements of absorption for many different ions as a function of concentration generally indicate a dual pattern of uptake (Epstein, 1976; Goyal and Huffaker, 1986) . This pattern has been thought to reflect the operation of two or more mechanisms which operate with different affinities. The high affinity mechanism dominates at low concentrations. At higher concentrations, the rate of absorption reflects contributions from both systems. The high affinity system is normally saturated in a wide variety of plant species at concentrations of 100-250 (Cartwright, 1972) . An increase in the number of active carriers of the low affinity system in roots from drying soil would account for both the increase in V^.. and AL.
Nitrogen uptake
Nitrogen uptake at intermediate or low substrate concentrations declined significantly as A. tridentata roots were subjected to a slowly increasing water stress, however, the maximum uptake capacity (sum F mJ for NH^ + NO 3~) did not decrease (Figs 5, 6 ). Other studies have also indicated reductions in nitrogen acquisition in response to water stress, but generally uptake capacity has not been directly measured. Most studies have examined the effect of water stress on nitrogen uptake by measuring changes in nitrogen content within the plants (Yambao and O'Toole, 1984; Tanguilig et al., 1987; Izzo et al., 1989) . Generally, these studies reported reduced nitrogen levels in both the roots and shoots as a result of water stress. Differential reductions in root or shoot nitrogen levels have been taken to reflect differential responses of uptake capacity and transport capacity to water stress. While speculating about the relative effects of water stress on these two processes, few of these experiments have directly measured nitrogen uptake capacity or attempted to isolate the effects of water stress on uptake capacity from transport capacity.
This experiment focused on the effect of decreasing </ «, on the total capacity for uptake of NH 4 NO 3 . This sum uptake capacity {V^^ for NH^ +NO 3~) , has been defined here as the total capacity for absorption of both nitrogen ionic species. A change in the sum uptake capacity may reflect changes in any combination of nitrate or ammonium influx or efflux mechanisms. One hour uptake periods, using excised roots provided a direct measure of net uptake capacity. Although excision produces a wounding response, uptake rates from excised roots have been shown to be comparable to rates from intact roots for many ions including potassium, phosphorus, calcium, and rubidium (Glass, 1978; Gronewald and Hanson, 1982; Bloom and Caldwell, 1988; Huang et al., 1992) . The use of excised roots in measurements of nitrogen uptake has been questioned, since Bloom and Caldwell (1988) found a 50-75% decrease in nitrogen absorption in excised roots as compared to intact seedlings. They suggested that the effects of excision might be ion-specific. Preliminary experiments in this study indicated that nitrogen uptake rates for excised roots of A. tridentata remained constant for at least 2 h. A slight decrease in uptake was noted 3 h after excision (2 h washing, 1 h exposure to labelled solution). These results suggest that the effects of excision may be both ion-specific and plantspecific. Following these preliminary experiments the preuptake acclimation period was shortened to 30 min for this nitrogen uptake study.
Several factors that may have affected uptake were considered. Many studies have shown that nitrogen uptake may be influenced by previous nutrition (Jackson et al, 1976; Lee, 1982; Lee and Rudge, 1986) . These experiments indicated that the capacity for nitrogen absorption can be enhanced in seedlings subjected to nitrogen stress compared with seedlings well supplied with nitrogen. To minimize nutrient deficiencies and disparities, plants in this experiment were irrigated once a week with at least 41 of 1/10 concentration nutrient solution for several weeks prior to experiment initiation (as was done in the phosphorus experiment). Analysis of root tissue revealed a slight decline in nitrogen concentrations during the course of the drying cycle and root nitrogen concentrations were correlated with uptake ( Fig. 4; Table 2 ). Reduced nitrogen concentrations in roots in the experiment did not cause an increase in uptake, but instead were associated with a significant decrease in the sum K^ (NH4 4 "+NO 3~) , in contrast to the expected increase that would result from a slowly developing plant nitrogen deficiency. Studies by Mattsson et al. (1991 Mattsson et al. ( , 1992 , also showed positive correlations between V miix (NO^) and root nitrogen concentrations for mature barley plants. Their data indicated that above a certain root nitrogen concentration, increases in nitrogen concentration were positively associated with increased root growth rate and nitrate uptake rate.
Changes in SRL may result in higher or lower uptake rates by changing the number of carriers per gram of tissue. Measurements of SRL were high at all water levels and changes were not correlated with decreasing tfi t . Changes in SRL were also not correlated with nitrogen uptake, indicating that the decrease in nitrogen uptake was not the result of a decrease in surface area per gram of root.
Another factor that may have contributed to the decrease in nitrogen uptake during the course of the drying cycle was a decrease in relative growth rate resulting in a decrease in demand for nutrients. Studies by Mattsson et al. (1991 Mattsson et al. ( , 1992 have shown that nitrogen uptake is co-ordinated with growth and protein synthesis in barley. Unfortunately, relative growth rate was not measured in this experiment, but observations and plant height measurements (see Materials and methods) indicated that reproductive growth was occurring during the drying cycle. Inflorescences of A. tridentata, which are quite leafy, are capable of net carbon assimilation with xylem water potential values below -5.0 MPa (Evans et al., 1991) . Unlike the minor effects of mild water stress on growth and photosynthesis in sagebrush, most of the decrease in nitrogen uptake occurred at very high water potentials (tfi, range of 0.0 to -0.1 MPa), with much less of a change from -0.21 to -5.4 MPa. It is likely that maintenance of nitrogen uptake from -0.21 to -5.4 MPa can be attributed to continued growth of Nutrient uptake under drought 1053 reproductive modules and the capacity of these perennial plants for luxury consumption of nutrients.
The sum uptake rates and values of sum V^( NH^ +NO 3~) , determined in this study were lower than uptake rates and uptake capacities generally reported in the literature (Smart and Bloom, 1988; Bloom and Chapin, 1981; Jackson et al., 1976) . Most of these studies used seedlings of annual species (many of them agriculturally adapted), while in this study, uptake rates were determined for flowering native perennial shrubs. Sum uptake rates found in this study were of the same order of magnitude as nitrate and ammonium uptake rates reported for taiga trees and for sagebrush seedlings (BassiriRad and Caldwell, 1992; Chapin et al, 1986) . Values of sum V,^ (NH^+NO3-) determined in this study were also of the same order of magnitude as estimates of V^^ for nitrate and ammonium calculated from uptake rates reported for taiga trees (Chapin et al, 1986) .
The effect of declining t/>, differed depending on the concentration of the external solution. At lower concentrations of NH4NO3 there was a dramatic decrease in uptake with declining iji t , while at higher concentrations there was little change, except at the <fi, range 0.0 to -0.1 MPa. The lack of change in uptake at 2 mM NH4NO3 for most of the I/I, range, corresponds to V mMX values which also revealed little change in response to declining i/r,.
As discussed before, measurements of absorption for many different ions, including NH^ and NO 3~, generally indicate a dual pattern of uptake reflecting the operation of two mechanisms with different affinities (Epstein, 1976; Goyal and Huffaker, 1986) . The range of NH 4 NO 3 concentrations used in this experiment was wide enough to include both the high and low affinity mechanisms (Goyal and Huffaker, 1986) . One possible explanation for the decrease in nitrogen absorption at lower concentrations, but the lack of effect at higher concentrations could be that the high affinity mechanism for either NH^ or NO 3 " or both was affected to a greater extent by declining </ «, than the low affinity system. The change in kinetics between different tji, ranges (Fig. 5a ) is consistent with this hypothesis. A decrease in uptake occurred at lower concentration, but not at the highest concentration, except for the very wet range. In addition, with decreasing </i, range, the curves became more linear, indicating a lack of saturation, possibly resulting from an inhibition of the high affinity uptake system.
Conclusions
In summary, the effect of decreasing ip, on nutrient uptake capacity of A. tridentata roots differed depending on the ion involved. Rates of phosphate uptake at a given concentration by excised roots actually increased during the drying cycle while rates of NH^ and/or NO^~ uptake declined. The estimated F mi for phosphate also increased while, in contrast, the sum K^ for (NH^+NO 3~) showed little change as 1/ 1, declined. For phosphorus, the affinity of the carrier for the substrate (l/A^J decreased as ifi t declined. The changes in uptake for nitrogen and phosphorus do not appear to be the result of a change in surface area per gram of root, since SRL was not correlated with uptake. The difference in the response of A. tridentata roots between the nitrogen and phosphorus experiments may be due to different effects of declining >(>, on the high and low affinity uptake systems. The high affinity phosphorus uptake system does not appear to be negatively affected by increased water stress. The high affinity system for nitrogen uptake, on the other hand, does appear to be inhibited with the greatest decrease occurring between -0.1 to -0.2 MPa and smaller decreases between -0.3 to -5.4 MPa. Although the high affinity system for nitrogen uptake appears to be affected, the low affinity system apparently is less affected by decreasing </i,. For the ip, range of -0.21 to -5.4 MPa, there was almost no change in nitrogen uptake at 2 mM NH 4 NO 3 .
A. tridentata was able to maintain roots with high phosphorus and nitrogen uptake capacity as <p t declined and was able to recover quickly from the effects of water stress. These results confirm the reports by Nambiar (1976, 1977) that it is possible for roots in dry soil layers to maintain nutrient uptake capacity. This experiment lends support to the hypothesis that hydraulic lift may be involved in the ability of A. tridentata to increase standing crop of phosphorus and nitrogen late in the season when dry (tfi, <-1.5 MPa) soils make nutrient ions extremely immobile. Hydraulic lift, the movement of water through a root system from a region of high </ «, to a region of low </r, and the release of that water into the soil, may increase the mobility of nutrient ions in dry soil near roots, making them available for absorption. Hydraulic lift may also contribute to maintenance of nutrient uptake capacity by 'irrigating' the fine roots in dry soils (Richards and Caldwell, 1987) . Maintenance of uptake capacity would be most beneficial for species where ion mobility near roots in dry soils is increased by water loss from these roots. Although the two Artemisia subspecies studied typically inhabit regions with different soil moisture availability during their growing season, both subspecies exhibited similar responses and were able to maintain uptake capacity even as </r, and tf) prc decreased to -5.0 MPa. The ability to maintain nutrient uptake under conditions of such low water availability may contribute to the capacity of A. tridentata to continue growth, complete reproduction late in the season, and gain an advantage over competitors when soil layers with higher nutrient availability are dry. 
